Abstract-Incorporating a growing number of renewable energy sources into the existing transmission grids will require an optimal use of the network infrastructure. For transmission lines which are limited by a maximum conductor temperature, the maximum current capacities can be optimized by implementing a Dynamic Line Rating (DLR) scheme. In a DLR scheme the current (or predicted) weather conditions are input to a thermodynamical model of the transmission line, and the output of this model is the present (or future) maximum current capacity of the line. Nevertheless, several transmission system operators are concerned about the reliability of the thermal model at high conductor temperatures. In this contribution, the new outdoor test facility for conductors which was built in ETH is presented. Then, using data acquired in this facility, it is shown that the thermodynamical model introduced here provides a satisfactory description at high conductor temperatures 1 .
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I. INTRODUCTION
The increasing number of renewable energy sources and the decentralization of the electrical energy production requires a transmission grid with an increased capacity (to accommodate the higher variations on the energy flows). For the case of thermally-limited overhead lines, one attractive tool to increase the transmission capacity is to adopt a Dynamic Line Rating (DLR) scheme [1] - [4] . In this scheme, the Maximum Current Capacity (MCC) of transmission lines changes continuously as a function of the weather conditions (or weather predictions). Nevertheless, one of the concerns that transmission system operators have when implementing a DLR scheme regards the accuracy of the thermodynamic model used to calculate the MCC of the lines. If the model used is not accurate enough, violations on sag clearance could occur when lines are highly loaded, as well as a faster aging of the transmission line.
In order to implement a DLR scheme in Switzerland, a task was created to investigate the accuracy of the thermodynamical models of transmission lines. For this, measurements were performed for a period of three years in real overhead lines [5] . The results indicated that the thermal model was reliable but, since real transmission lines operate much below their MCC, the model was not validated at high conductor temperatures 2 .
This point was a concern, especially since there are claims that the available thermal models of transmission lines were not accurate at high conductor temperatures. Studies about the validation of thermal models of conductors are not common in the literature; and the authors of this contribution are aware of only three of them. In [6] an idle "Aluminum Conductor Steel Reinforced" (ACSR) line was monitored under constant current, and the weather conditions were recorded. Regardless of a very coarse data averaging, the study found good agreement between the measurements and the model predictions. Nevertheless, the maximum line temperature attained in this study was only 40
• C. In [7] , two ACSR conductors were mounted in an outdoor setup and their temperature was recorded every 5 minutes under high currents. For the calculation of the line temperature, the air temperature and wind speed were measured locally (using a cup anemometer with a threshold velocity of 0.22 m/s), and the solar radiation was assumed to be equal to the theoretical clear sky value. The model used was that from [8] and [9] but, even if one of the conductors had 3 aluminum layers, it is not reported if a magnetic heating term was included in the model. This study found an accuracy of the model of 3
• C when the conductor temperatures were below 150
• C. Recently, in [10] two ACSR lines were mounted in an outdoors test setup, and the current through them was controlled such that the core of the line remained at 80
• C. The limited amount of data presented indicated that the CIGRE [11] and IEEE [12] rating standards predicted MCC which were in good agreement with the measured currents. Nevertheless, the line temperature could not to be well reproduced by the models especially when the wind speed was low.
This contribution presents a study of the accuracy of the thermal model presented in [5] at high conductor temperatures. For this study an outdoor test facility was constructed at ETH Zurich. In contrast with the studies mentioned in the previous paragraph, an "All Aluminum Alloy Conductor" (AAAC) was used since this conductor type is the most relevant for the Swiss transmission grid. Also, the wind was measured using an ultrasound wind anemometer which allowed to accurately measure the low wind speeds which are most common in this experiment. Moreover, the weather conditions were probed and recorded every second and therefore in a time scale much faster than that of the thermal inertia of the line (which is roughly 30 min, see Fig. 7 in [13] ). The script is organized 978-1-5090-4168-8/16/$31.00 ©2016 IEEE as follows: Section II gives details about the experimental setup, Section III presents the thermodynamical model of the transmission line, Section IV presents the comparison between the simulated line temperature and the measured one, in Section V the results are discussed and in Section VI the conclusions are summarized.
II. EXPERIMENTAL SETUP
The test facility was constructed on the outdoor terrace of the High Voltage Laboratory in ETH Zurich, and Fig. 1 presents a block diagram description. The conductor used was a 5 m long AAAC, with a cross section area of 550 mm 2 and 60 strands arranged in four layers around a central strand (the strand diameter was 3.39 mm). This conductor was hanged on the test facility at a height of 1 m, and was parallel to the east-west line. The line was powered by a 11.35 kVA high current transformer whose primary was connected straight into the 220 V mains. The average current in the line was measured to be 1050 A, with deviations up to 15 A. During the experiment several sensors monitored the relevant variables. The current in the line was measured by a current transformer placed at the output of the power transformer. The temperature of the conductor was measured using T-type thermocouples. These thermocouples had their hot junctions glued inside 1 mm deep holes drilled in to the outer layer of the line. The thermocouples were run along the top of the line (in order to thermally anchor them) and were attached using aluminum tape at intervals of 20 cm. The cold junction temperature was measured by the Analog to Digital Converter (ADC) and it was used to correct the thermocouple reading. The ambient temperature was measured also by a Ttype thermocouple which was attached to a thin copper plate suspended by nylon threads and placed inside a Stevenson Screen. This screen was placed at a slightly lower height than the overhead power line to avoid that the heat released by the conductor affects the temperature readings. Three sensors were used to monitor the weather: a 2-axis ultrasonic wind sensor, an optical rain sensor, and a pyrradiometer to measure the total horizontal radiation. All the sensors were connected to the ADC which was further connected to a mini computer which used a Python code to perform the data collection. This device was then accessed via LAN to retrieve the data.
III. THE LINE TEMPERATURE MODEL
The heat equation for an horizontal and homogeneous onedimensional line, and constant weather conditions along it, is:
where ρ is the linear mass-density of the line, C the specific heat of the line material, T the surface temperature of the line, t the time, P J is the Joule heating, P sun the thermal energy absorbed from the solar radiation, P wind the cooling provided by the wind and P rad the cooling from the net thermal radiation exchanged between the line and the surroundings. The expressions for the different heating and cooling terms are presented in [5] , and will be reproduced here.
The expression for P J is given by [14] , [15] :
where R 20 is the resistance of the line per unit length at 20
• C, k sk is the frequency dependent skin effect factor [14] , α 20 is the linear temperature coefficient of resistance and I is the root mean square current on the line.
The solar radiation heating is given by [14] , [15] :
where α is the absorption coefficient of the line, D the line diameter and S eff the effective solar radiation on the conductor. The value of S eff has three components: the direct solar radiation, the diffuse solar radiation and the albedo radiation from the ground. It is very hard to estimate these three components from the measurement of a pyrradiometer though. In special, because the pyrradiometer reading also includes an infrared contribution from objects in its field of view and from the sky thermal radiation. Therefore, in this study the pyrradiometer reading was used to detect periods of intense solar radiation 3 . Then during these periods, S eff was set equal to 900 W/m 2 (a value commonly used to rate transmission lines), and during lower solar radiation periods (including the night) it was set equal to zero. It will be shown in Section V that regardless of this crude approximation, the model gave a good estimation of the line temperature and the reason for this will be stated. The value of α was set equal to that of the emissivity . In the next section it will be explained how the value of the emissivity was determined.
The wind cooling power is given by [14] : 333 where λ is the air thermal conductivity, N u is the Nusselt number, T amb is the ambient temperature and A is a wind angle correction term. For wind speeds higher than 0.5 m/s, the Nusselt number is given by [16] : 
where R e is the Reynolds number and v the wind speed. The values for λ and for A are given by [14] :
1.08 ; φ < 24
where φ is the angle between the line direction and the wind, and T f is the film temperature which is equal to 0.5(T +T amb ). For zero wind speed the Nusselt number can be calculated using the following equations [14] : 
where G r is the Grashof number, P r is the Prandtl number, g the gravitational acceleration, C the heat capacity of the air, ν the kinematic viscosity of the air, µ the dynamic viscosity of the air, γ the air density and y the altitude of the line above sea level. B and m in (9) are empirical coefficients whose values are shown in Table I for different (G r P r ) ranges. Between zero wind speed and 0.5 m/s, the value of (N u A) can be linearly interpolated between the value given by (9) and that given by the product of (5) and (8) .
The expression of P rad for a line which field of view is covered in equal parts by the ground and the sky is [14] , [17] :
where σ is the Stefan-Boltzmann constant, is the emissivity of the line, T grnd the temperature of the ground and T sky is the temperature of the sky. If it is assumed that T grnd ≈ T amb , and if the phenomenological expression for the sky thermal radiation from [18] is used, then (15) can be written as:
where R h is the relative humidity (which was set to 70%).
IV. DATA ANALYSIS
Data was taken over 51 days during the summer of 2015. The weather conditions and line temperature were recorded every second. Due to technical reasons, the thermocouple voltages were measured in the common-ground configuration of the ADC. This produced a noise level in the temperature measurement of 1.4
• C, which was decreased to 0.1 • C by applying a 2.2 min step filter to the line temperature data.
To perform the simulation of the line temperature it was necessary to know its emissivity. Unfortunately this information was not available, so the guidelines of the CIGRE Brochure 299 [19] were used as reference. In this brochure it is stated that new transmission lines have emissivities between 0.2 and 0.3, and that this parameter grows up to 0.8 after two years of weather exposure at industrial or heavily used agricultural locations. Since the line used was installed in November 2014 and was not weathered, the value of was set equal to 0.3 initially. Then, this value was gradually increased until 0.36 was reached. At this point the average difference between the simulated and measured line temperature (for the night periods only) reached an average value of 0.1
• C. The value of 0.36 for emissivity was chosen for the study which is reasonable for a slightly weathered transmission line.
Equation (1) was solved numerically using the measured line temperature as initial condition; and the measured values for wind speed, wind direction, air temperature and electrical current. The line temperature was not simulated during rainy periods because the line model does not account for the rain cooling power. The data from the optical rain sensor was used to subtract the rain periods from the simulation. If a rain event was detected, no simulation was performed until one hour after the event to ensure that the line was dry. The initial condition of the line temperature after a rain period was set equal to the experimentally measured line temperature. Fig. 2 shows a time series sample of the measured line temperature and the simulated one. In this figure it can be 978-1-5090-4168-8/16/$31.00 ©2016 IEEE noticed that, typically, the line temperature during the day was lower than in the night. This was due to the average wind speed being higher during the day as Fig. 3 shows. To assess the accuracy of the model, the difference between the measured temperature and the simulation was computed: Fig. 4 shows the values of ∆T for the night and day periods 4 . From these histograms it can bee seen that, overall, the precision of the simulation is approximately 4
• C. Note that during the day the standard deviation is larger than during the night periods. This was expected due to the rough approximation used to estimate S eff . Furthermore, there were periods during the measurements when direct solar radiation was impinging in the pyrradiometer while the line was under shadow (e.g. shadowed by the test facility frame) and vice versa (e.g. the pyrradiometer was shadowed by a tree branch).
A plot of ∆T as a function of line temperature is presented in Fig. 5 . The reason for the decreasing trend of ∆T towards lower line temperatures will be discussed in the next section.
V. DISCUSSION To explain the decreasing trend of ∆T towards lower line temperatures in Fig. 5 , it should be noticed that in this experiment line temperatures below 75
• C could only be reached if substantial wind cooling was present. Then the values of ∆T below ≈75
• C correspond to periods of high wind, while those above correspond to periods of very low (or zero) wind. In light of this, it can be said that the model predicted higher temperatures than those observed during periods of high wind. There are two possible explanations for this. The first one is that the expression of P wind is not accurate at the higher wind speeds found in this experiment; and the second one is that the wind was affecting the measurement of the thermocouples. The first explanation seems unlikely in view of the results presented in [5] (where the same model for P wind was used). With regard to the second explanation it should be mentioned that at 1 m above the flat ground of the experimental setup, the wind speed was parallel to the ground and it impinged directly on the horizontal line and on the thermocouple cables that run on top of it. Then, it is possible that the wind was cooling the thermocouple cable which then cooled locally the transmission line and, therefore, the measured line temperature was found to be lower than the simulated one. In fact, at high line temperatures (i.e. at zero wind speed) the thermocouples should be in better thermal contact with the line and the mean values of ∆T are closer to zero. Improvements will be done to the experimental setup in the future to pin down the cause for the lower ∆T values at lower line temperatures.
When only values where T measured was higher than 80 • C were considered, the accuracy of the simulation (i.e. mean value of ∆T ) during the night was found to be 1.0
• C and 978-1-5090-4168-8/16/$31.00 ©2016 IEEE during the day was 1.6 • C 5 . It is possible to increase this accuracy by using a slightly smaller value of the emissivity though. In fact, this can be an indication that the real emissivity of the line is slightly smaller than the used one since, as mentioned in the previous paragraph, at high line temperatures (i.e. at very low wind speed) the thermal contact between the thermocouple and the line is better. For values where T measured was higher than 80
• C, it was also found that the precision of the thermal model (i.e. standard deviation of ∆T ) was 3.9
• C during the day time and 2.9
• C during the night. It is interesting to note that the rough estimation of S eff that was used (see Section III), accounted well for the solar heating effect. This can be noticed in the fact that the trend of ∆T for the day and night periods in Fig. 5 are very similar (if the solar radiation was not properly accounted, ∆T for the day periods could be systematically shifted and its error bars would be much larger than those found in the night). One factor which contributed to this agreement had its origin in the higher wind speed values found during the day time. To understand this, Fig. 6 should be considered. This figure shows dP wind /dT line as a function of the wind speed. This quantity can be thought of "how strong" P wind reacts to small changes on the line temperature. It can be seen that P wind reacts stronger to line temperature changes the larger the wind speed is. This is, the higher the wind speed, the harder it is to increase the line temperature by a given amount. Then, the warming effect of the solar radiation on the line was diminished in the experiment because of the higher day-time wind speeds (see Fig. 3 ). This can be exemplified by assuming some typical conditions for our experiment (1050 A, an ambient temperature of 20
• C and wind flowing perpendicularly to the line). If the wind speed is zero, a solar radiation of 900 W/m 2 can increase the line temperature by 8.7
• C; but when the wind speed is 0.8 m/s the same solar radiation can increase the line temperature by only 5.3
• C (i.e. 39% less). lower line temperature the model predictions were higher than the measured values. This could be explained by an effect of the wind on the thermocouple measurement. Also, it was shown that the solar radiation has a smaller effect on the line temperature when the wind speed is higher. This fact contributed to the good account of the solar heating by the line model even if a very rough estimation was used for S eff .
